1 Introduction The evolution of magnetic recording systems like digital disc and tape memories and video recording systems is characterised by a proceeding miniaturisation of the recording process with ever decreasing dimensions of the recording heads and head gap lengths, decreasing head-medium separation and recording layer thickness. Since a detailed knowledge of the magnetic field structure of recording heads and of the magnetised medium is essential for further progress, the trend to miniaturisation is followed by an increasing need for accuracy and resolving power of the analysis equipment.
The measurement technique which is described in this paper can be helpful in analysing the magnetic field structure of recording transducers and media and any other suitable two-dimensional field configuration. Some rough information about the equipment has been published before in the context of the presentation of recording head field measurements (Fluitman 1978, Fluitman and Groenland 1979) , but it is the purpose of this paper to disclose the details. We describe the possibility of measuring the two components of a magnetic vector field by means of one and the same magnetoresistive transducer.
In figure 1 the scheme of the system, which essentially is a high precision positioner to bring a transducer and an object to be measured into a well defined mutual position, is presented. The transducer and the positioner are described in the next two sections. In 54 and 5 the measurements on ferrite recording heads are presented.
The transducer
The magnetoresistive transducer (MRT) consists of a vacuum deposited permalloy strip and is placed at the edge of a glass substratum (see figure 2) . The substratum has the form of a cube with dimensions 20 x 20 x 20 mm. The reason for this will be made clear in 83. The dimensions of the permalloy strips used until now are typically: length L=50 pm; width w = 2.0 pm; thickness t = 20 nm.
The choice of the MRT as a transducer (and not a Hall generator (Lustig et a2 1979) , for instance) has been made because of its sensitivity, the relative ease of production on a substratum edge (Fluitman and Krabbe 1972) and the possibility of measuring two field components. Of course an MRT has drawbacks too. They will be described at the end of this section. The magnetoresistance of permalloy strips has been treated at several places in literature (for instance West 1961) . For an applied magnetic field Ha in the plane of the strip but perpendicular to its axis the behaviour is described by the following set of equations which are locally valid :
with C$ the rotation of the saturation magnetisation Ms with respect to the easy axis. This angle must be considered as a function of y (or the integration variable yo). Mu is the , v component of the magnetisation and is equal to ,%sin #(yo). Hk is the constant of uniaxial anisotropy and w and I the width and thickness of the transducer respectively (see figure 3 ). There is no need for the field Ha to be homogeneous in the y direction, so in general Ha is a function of y . The expression for the transducer resistance (R) reads :
with Ro the resistance in zero field and AR the maximum magnetoresistance effect.
From these equations it is obvious that as long as Mu< Ms everywhere in the strip (no saturation), the equations deter- 
If the condition H k 9 t?Ms/w is not fulfilled one can generally write R= Ro-aAR{Ha,/[Hk+ (tMs/w) Most of the experimental strips we have produced do not fit entirely to the theoretical curves, while some do. The most general departure from theory is that R is slightly too large in the region H -Hk+ (fMs/Mi) (see figure 5) . Transducers are selected for our purposes when the deviation from theoretically predicted behaviour does not exceed a few per cent in the applied range.
From the calibration the magnitude of Hk and t (which are not determined separately) are derived since these parameters are needed for the analysis of measurements on non-homogeneous fields. All transducers we use, have Hk< tMs/w, i.e. the magnetic anisotropy is dominated by the geometry of the strip. Practical values of t M s /~z , which define the ranges of the transducers are 3000-15 000A/m (while Hk is in the order of 200 Aim).
The sensitivity of the MRT is proportional to the transducer current it. However, to prevent heating of the transducer (necessary to prevent errors as a consequence of the temperature dependence of R ) this current must be limited. This means that the maximum transducer response itAR is in the order of 1 mV in (our) practice. The temperature coefficient of the transducer (-4:&/'C) is relatively large in view of the maximum value of the magnetoresistive effect. (AR/Ro E 2 %.)
For this reason DC field measurements on objects with temperature gradients may be inaccurate. In such a case one must consider an AC mode of measurement. The MRT is sensitive to magnetic field components which are in the plane of the permalloy strip. Perpendicular components are negligible in all practical cases as a consequence of the large demagnetising factor ( -1) in this direction. Because of its shape the transducer is rather sensitive to fields which are parallel to the strip axis. These parallel fields introduce a decreased transducer over the entire range. In this case curves were fitted to overlap at least in the region of small fields but a slightly better fit can be obtained if the total field region is considered.
sensitivity. For a correct interpretation of the transducer response, the amplitude of the field component parallel to the strip axis has to be known. This is a drawback of the MRT, which must be used exclusively for the case of two-dimensional field patterns. In the case of recording head fields however, this requirement is automatically fulfilled. We have investigated the influence of an externally applied field component along the strip axis during field measurements on a ferrite head. It appeared that such a component is effectively screened by the soft magnetic material of the head and no significant influence from such a field component has been found.
Another problem that may occasionally arise in measurements on soft magnetic structures is the magnetic image effect (the transducer may be imaged in the measured object). However, those effects are rather small, but in principle one can correct for them in the analysis of the results.
3 The positioning system For the measurement of the perpendicular and tangential component of the magnetic field of a recording head for instance, the MRT is positioned above the head in the way of figure 6. The head field is mapped out by moving the head for different, but fixed, values of the separation h parallel to the lower surface of the substratum. The smallest separation that can be adjusted is determined by the size and the radius of curvature of the head surface and the occurrence of dust particles on the substratum and head surface. The smallest separation realised so far is less than 0.05 pm, when measuring the perpendicular field component ( figure 6(a) ) of an audio head (radius of curvature = 0.01 m) and a Winchester (tri-rail) disc slider head (area of the shortest pole piece 75 x 75 pm). When measuring the tangential field component ( figure 6(b) ), the smallest separation is determined by the thickness of the evaporated conductors on the substratum. Indeed in this position of the substratum careful manoeuvring of the MRT above the head surface is necessary in order to prevent damage to the transducer. The essential parts of the positioner are:
The mechanical system
The construction for positioning the transducer and the head has to be very stable. Therefore, precautions have to be taken to mechanically and thermally isolate the system with respect to the laboratory environment. Very precise and stable components are used for micropositioning the head with respect to the transducer. Essentially the system consists of a fixed and a movable part. One of the components (head or transducer) is mounted on the fixed part, while the other one is mounted on the movable part. For the movable part we have chosen a commercially available air bearing. The separation between the transducer substratum and the head surface can be adjusted with the help of the air pressure of the air bearing. It is an essential facility of the air bearing that its height can be adjusted over an interval of about 7 pm in the y direction in this way. A stepper motor with gear-case has been utilised for generation of the 
The system for determination of the separation h between substratum and head surface
The separation h between head and substratum is measured with the help of optical interference using monochromatic light (Lin 1973) . The accuracy with which the separation can be determined depends on the accuracy with which the position of an interference line is determined. This is accomplished by the use of a video camera and display and a 'line selector' by which one or more video lines can be displayed on an oscilloscope screen ( figure 7 ) . By means of a vertical bar which is mixed into the video signal and which can be moved over the screen like a cursor, an interference minimum or maximum can be selected on the oscilloscope screen, using the cursor as a parallax free pinnule. After positioning this bar another interference optimum can be positioned exactly on this mark by continuously changing the wavelength of the light using the procedure described by Lin (1973) . In this way the value of h can be determined with an accuracy of about 3 %. It is essential that the position of the interference lines relative to the transducer can be determined with sufficient accuracy. Use of a video recorder may be helpful to evaluate the measurements with respect to the separation afterwards. Some problems with this optical system may arise when measuring tangential field components, because in this case the highly reflective evaporated conductors on the substratum mask the greater part of the interference pattern (figure 7). Therefore high demands are made upon the optical system concerning the perception of interference fringes through the spaces in the conductor pattern.
Experiments on ferrite heads
With the help of the equipment described above, we investigated the DC magnetic field of several commercial recording heads. Typical transducer responses in scanning the perpendicular and tangential field component are plotted in figure 8 as a function of the x position for fixed separation h.
For correct results, the position of the MRT with respect to the head in z direction has to be adjusted in such a way, that the side edges of the head do not influence the field component that is measured. Therefore the transducer length L has to be smaller than the (track-)width of the head. The axis of the "strip has to be aligned exactly parallel to the head gap, The occurrence of static magnetic stray fields in the region of detection must be reduced by demagnetising the ferrometallic system parts and the ferrite head beforehand. In our experiment the highly permeable ferrite head appeared to collect magnetic stray flux in such a way that a y field component with a constant polarity could be identified for the whole head surface. However, this field can be compensated by means of a single coil surrounding the measurement system. The criterion for the correct adjustment of the compensation field is that the form of the response curve (see figure 8(a) ) remains unchanged after changing the polarity of the head current.
It is known that the x and y components of twodimensional field distributions are related to each other by Maxwell's laws. In the head field region, for instance, we have O.H= 0 and V x H = 0, and for H independent of z we find 
Analysis of the results
With the help of a transducer of width w = 2.5 pm, measurements have been made upon a series of four ferrite heads: a tri-rail (type 3348) disc slider head (with optical gap length 2g= 1.10 pm), an audio head (2g=1*85 pm) and two disc slider heads of the 3330 type (2g=2.10 and 2.80 pm). We measured both field components of the audio and type 3330 disc slider heads and only the perpendicular field component of the tri-rail head. In order to prevent transducer saturation we have used rather small values of the (DC) drive currents through the head coil (about 10% of the operating values), but transducers can be prepared for measurement of larger fields.
In the analysis of the results we have not tried to derive field distributions from the observed response curves directly. Instead we have computed theoretical response curves with the help of a program simulating the MRT (Fluitman 1978 ) in a head field that can be chosen at will as an input to the simulation program. The first estimate has been the field distribution of an ideal infinite pole tip head (Westmijze 1953 ) with a gap length as it is observed optically.
The direct computation of headfields from response curves is not adequate at the moment. The straightforward computation of the MRT response from a given field component already takes 3 min/40 kbyte (about 100 MRT positions) on a DEC-10 computer and one can imagine the huge computing capacity needed for a program tha, automatically searches for a good fitting field input.
The response curves as they have been computed show the same structure as the experimental ones, but they generally differ in width (to be defined hereafter). The procedure we have followed in our analysis has been to change the input field of the computer simulation by introducing an effective gap length (the gap length needed to fit theory to experiment) or an effective head/transducer separation. Both methods work and lead to reasonable fits. In this procedure we have defined curve parameters which are adequate in testing the quality of a fit. Agreement in the values of these parameters proved to be a guarantee for a good fit of the entire response curves. They are defined in figure 8 . The parameters pp and p t (indicating the 'width' of the curves) are much less sensitive to errors than the amplitude parameters q p and qt (even in the case of pt whose determination depends on qt).
The pp and pt values of the computed and measured response curves have been plotted as a function of the separation h between substratum and head surface. All of the plots have the characteristics of figure 9. We have tried to associate these experimental phenomena with a 'dead layer' model (Fluitman and Groenland 1979) as suggested in figure 10 .
Figure 10
Cross section of a recording head with dead layer of thickness 11 on the surface of the ferrite body and thickness 12 in the gap.
The assumption of a dead layer on the head surface (thickness 11) can bring the theoretical results into agreement with the experimental results because an inactive surface layer implies a shift along the h-axis of the diagram. Dead layers inside the gap (thickness 1 2 ) may also bring the results into agreement. In that case one has to choose a value of 12, such that results of a computation based on an effective gap length 2g+212 fit to the experimental curve. This can be done but it must be said that the results are less sensitive to 12 than to 11.
In general one must assume all layers to be present and look for values of 11 and 12 as is suggested in figure 9 . However, there are infinitely many pairs of /I, 12 values that lead to a fit.
We tried to find a couple of 11, 12 values that lead to a fit in both the perpendicular and the tangential case. The procedure is demonstrated in figure 11 , where we plotted the relation between the determined 11, 12 values.
For the audio head we found values for the dead layer thicknesses (11 = 0.5 pm, 12 = 0.6 pm) which obeyed the proposed dead layer model. However, in contradiction to this model we found the p-values to depend on the head current for this recording head. For the 3330 heads the described procedure leads to very large values of 12 while 11 is very close to zero. Although such an outcome may reflect the real situation, we consider it as rather improbable and suggest that the model and/or the method of analysis needs refinement. From figure 11 one can see what values of dead layer thicknesses are to be considered in the first instance.
A refinement of the model can be worked out in several ways, for instance in a more gradual or curved layer boundary, in the acceptance of specific magnetic behaviour (e.g. anisotropy) of the layer (which is not really 'dead' in that case), and so on. It is known from literature that surface machining of Mn-Zn ferrite single crystals, for instance, may give rise to a variety of surface phenomena (Kinoshita et a1 1976) and we have strong experimental evidence that the magnetic layers may have a peculiar magnetic structure indeed.
Measurements of the perpendicular field component of the tri-rail and the audio-head have been made at a very small distance from the head surface (h N 0.05 pm). For both heads a remarkable transducer response could be observed ( figure  12 ). The transducer detected static magnetic field concentrations which in first order proved to be independent of amplitude and direction of the head current. The effect disappeared for increasing value of the separation h. We guess that magnetised spots are situated in the ferrite surface, with such a size and 
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Figure 12 MRT response on the perpendicular field component of a tri-rail head (2g= 1.10 pm) for: A, separation h=2-0 pm, head current= 12 mA; B, h= 1-25 pm, head current = 12 mA; C , h =0.5 pm, head current = 7 mA; D, h c 0.05 pm, head current = 7 mA. distribution that their effect is detectable in the transducer response in spite of the averaging behaviour of the MRT over its length L. The so-called dead layer seems to be built up out of a distribution of hard magnetic particles. (In the analysis concluding about dead layers 11 and 1 2 , we have only made use of the smooth curves obtained for values of the separation h > 1 pm.)
It is beyond the aim of this work to develop a more detailed model to explain the measured responses exactly and one can even wonder if such a thing is possible at all for a set of different heads. However, we can conclude that heads which are commercially available may have degraded layers with thicknesses of several tenths of a pm.
Conclusions
We have developed and described a measurement system capable of analysing two-dimensional field patterns beyond the pm level even with a transducer that is relatively large. It has been shown that it is possible to make measurements of recording head fields and the description of the system may inspire application in other studies.
With respect to recording heads the system can give information about the head field structure and implicitly about (possible) asymmetry, remanence, efficiency and head saturation phenomena. It has been shown that the microscopic surface structure of heads can be detected and it is concluded that commercially available heads may have degraded surface layers of considerable thickness.
